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ABSTRACT: Developing efficient electrocatalysts toward hydrogen oxidation and
evolution reactions (HER/HOR) in alkaline electrolytes is essential for realizing
renewable hydrogen technologies. Herein, we demonstrate that the introduction of dual-
active species such as Mo and P (Pt/Mo,P@NC) can effectively regulate the surface
electronic structure of platinum (Pt) and significantly improve the HOR/HER
performance. The optimized Pt/Mo,P@NC exhibits remarkable catalytic activity,
achieving a normalized exchange current density of 2.89 mA cm−2 and a mass activity
of 2.3 mA μgPt−1, which are approximately 2.2 and 13.5 times higher than those of the
state-of-the-art Pt/C catalyst, respectively. Moreover, it performs an impressive HER
performance with an overpotential of 23.4 mV at 10 mA cm−2, which is lower than most
documented alkaline electrocatalysts. Experimental results reveal that the modifying
effect of Mo and P optimizes the adsorption of H and OH on Pt/Mo,P@NC, resulting in
an outstanding catalytic performance. This work has significant theoretical and practical
significance for developing a novel and highly efficient catalyst for bifunctional hydrogen electrocatalysis.

■ INTRODUCTION
Hydrogen (H2) is generally considered a promising alternative
to fossil fuels due to its clean and high gravimetric energy
density properties.1,2 Electrochemical water electrolysis is one
of the most attractive and feasible approaches to produce H2
from abundant renewable sources.3 Hydrogen oxidation
(HOR) and evolution (HER) reactions are two fundamental
electrochemical processes to realize energy conversion.4 The
former releases energy stored in chemical bonds and has
essential applications in fuel cells, while the latter converts
electrical energy into chemical energy at the cathode of a water
electrolyzer.5 However, both processes require cost-effective
and robust catalysts to accelerate their conversion efficiency
due to the sluggish electrode kinetics. Pt and Pt-based
materials are deemed as the most attractive electrocatalysts
for catalytic HOR/HER, which ascribes to the appropriate
adsorption/desorption energy for H2 intermediates.6 Regret-
tably, their practical applications are severely limited by the
scarcity, soaring cost, and inferior electrochemical stability of
these noble metals.7 To overcome the dependence on noble
metals, two primary approaches have been developed:
developing noble-metal-free HER/HOR catalysts8,9 or mini-
mizing the amount of noble metal used while maintaining a
superior HOR/HER performance.10,11

According to the acknowledged volcano plots of the
exchange current and calculated hydrogen binding energy
(HBE, ΔG0

H*), optimal HOR electrocatalysts such as Pt
present an ideal ΔG0

H* value close to zero.12,13 Based on the

same reaction intermediate of adsorbed hydrogen (*H), HBE
is deemed as the dominant descriptor for evaluating reversible
HOR and HER. Nonetheless, Pt is strongly affected by the
pH.14 Yan et al. noticed a linear relationship between the HOR
activity and electrolyte pH value for Pt-based catalysts.15 When
the pH transforms from acidic to alkaline, the proton donor
will change from H3O+ in H2O, and the large presence of OH−

species makes the Volmer step the rate-determining step in
alkaline HOR/HER.16,17 Accordingly, a bifunctional mecha-
nism that balances both HBE and hydroxide binding energy
(OHBE) has been proposed for alkaline HOR/HER electro-
catalysts with better activity. For instance, Li et al. have
reported a pioneering work of BCC-phased PdCu, which
demonstrates that the excellent HOR activity ascribes to the
synergistic interplay between OHBE and HBE.18 Our group
has also proven that the synergistic optimization between HBE
and OHBE determines the enhanced HOR activity of Ru/Ni-
NiO@C.16

Over the past few decades, researchers have focused on
modifying Pt to enhance its alkaline HOR properties.19 One
approach has been to use various promoters in conjunction
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with Pt to achieve a preferable HOR performance. Recent
studies suggest that combining Pt with oxophilic species, such
as transition metals (TMs), sulfides, and hydroxides, can alter
the oxygenophilicity and electron density around the Pt site.20

For example, the addition of Mo to a Pt-based catalyst has
been shown to increase the mass-specific kinetic current by
about 4-fold compared to an unmodified catalyst.21 However,
the strong oxygenophilicity of TMs makes them susceptible to
oxidation during hydrolysis, resulting in the formation of a Pt−
M−O hybrid that impairs electron donation from the TMs to
the Pt, thus limiting the potential for performance improve-
ment. To address this issue, an effective interfacial engineering
strategy that uses weakly electronegative elements such as P
(2.19), B (2.04), and S (2.58) as “active auxiliaries” instead of
O (3.44) can promote abundant electron transfer from TMs to
Pt species.22

With the goal of improving the HOR/HER performance, we
fabricated a catalyst for oxophilic Mo and P species dual-
regulated Pt clusters on a carbon support (Pt/Mo,P@NC) via
a zeolitic imidazole framework (ZIF)-assisted, coadsorption,
and low-temperature reduction strategy. In the Pt/Mo,P@NC
hybrid, the polyhedral Mo,P@NC structures were decorated
with ∼1.63 nm Pt clusters. Satisfactorily, the resultant Pt/
Mo,P@NC catalyst, pyrolyzed at 400 °C, exhibited an
appreciable HOR performance with an exchange current
density nearly 2.2 and 5.9 times higher than those of Pt/C and
Pt@NC, respectively. It also displayed remarkable HER
activity with overpotential as low as 23.4 mV at 10 mA
cm−2. Pt/Mo,P@NC also demonstrated excellent long-term
stability, showing only a slight performance decline after 10000
s of testing. Our detailed characterizations and performance
testing revealed that the exceptional HOR/HER behavior of
Pt/Mo,P@NC arises from the collaborative optimization of

HBE and OHBE, along with the accessible active sites
provided by the porous carbon carrier.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The overall

fabrication of Pt/Mo,P@NC involving a multistep process is
schematically shown in Figure 1a. The process started with the
use of ZIF-8 as a sacrificial template, followed by high-
temperature annealing at 900 °C (Figure S1). Next, Pt species,
Mo salts, and phosphoric acid were coadsorbed onto the
template, and the resulting precursor was subjected to low-
temperature reduction at 400 °C to yield Pt/Mo,P@NC. For
comparison, pure Pt/Mo@NC without P modification and Pt/
P@NC without Mo source were also prepared. X-ray
diffraction (XRD) analysis of Pt/Mo,P@NC (Figure 1b)
revealed only peaks attributed to Pt (JCPDS 87-0646) and no
prominent diffraction peaks indexed to Mo species (Figure
S2), indicating the presence of Mo as amorphous or very small
particles.23 Simultaneously, a broad peak of C (002) was also
discovered in the sample, showing the formation of amorphous
C frameworks. The N2 adsorption/desorption isotherms
(Figure 1c) showed high gas uptake at a relative pressure
(P/P0) lower than 0.02, which implied that the material was
microporous.24 Pt/Mo,P@NC also had a high Brunauer−
Emmett−Teller surface area of 838.46 m2 g−1 in the P/P0 =
0.01−0.10 range for the microporous samples, along with an
adsorption average pore diameter of 1.05 nm. These results
indicated that Pt/Mo,P@NC was microporous.25 Raman
spectra provided two distinct peaks of D (1354 cm−1) and G
(1585 cm−1), corresponding to the defect/disorder and
graphitization C, respectively (Figure 1d).16 The ID/IG value
of Pt/Mo,P@NC (1.46) was much larger than those of Pt/P@

Figure 1. (a) Schematic illustration of the preparation of Pt/Mo,P@NC. (b) XRD patterns of Pt/Mo,P@NC. (c) N2 adsorption/desorption
isotherms with the corresponding pore-size distribution (inset). (d) Raman spectra of Pt/Mo,P@NC, Pt/P@NC, and Pt/Mo@NC.
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NC (1.07) and Pt/Mo@NC (0.94), disclosing that Pt/Mo,P@
NC possessed more defect sites in the C carrier. This was
attributed to the coregulation of P and Mo species, resulting in
more defect sites on Pt/Mo,P@NC, which created more
structural defects and adjusted the electron transport for the
composite, thus exhibiting remarkable electrochemical activ-
ity.26

Microstructure Analysis. The morphology of the samples
was determined using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Parts a−c of
Figure 2 revealed that the as-synthesized ZIF-8 was relatively
homogeneous and smooth. After undergoing coadsorption and
low-temperature reduction procedures, Pt/Mo,P@NC re-
tained its initial rhombic dodecahedral shape but had a smaller
particle size compared to ZIF-8. Additionally, the evaporation

Figure 2. SEM images of (a) ZIF-8, (b) a porous NC support, and (c) Pt/Mo,P@NC. (d) TEM image of Pt/Mo,P@NC. (e) HR TEM image of
Pt/Mo,P@NC. (f) SAED pattern. (g) Elemental mapping images of Pt/Mo,P@NC.

Figure 3. HR XPS spectra of (a) Pt 4f, (b) Mo 2p, and (c) P 2p in Pt/Mo,P@NC.
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of Zn led to a rougher particle surface.27 TEM observations
(Figure 2d) depicted that uniform Pt clusters were dispersed
uniformly in the porous C support, with an average cluster size
of Pt on Pt/Mo,P@NC as small as 1.63 nm. In contrast, larger
average sizes of 1.89 and 1.99 nm were found on Pt/P@NC
and Pt/Mo@NC (Figure S3), respectively. These results
manifested that the dual introduction of P and Mo could
positively regulate the size of Pt, demonstrating a synergistic
effect between P and Mo species.28 Furthermore, high-
resolution (HR) TEM images revealed well-resolved lattice
fringes with an interplanar distance of approximately 0.226,
which was identified as (111) planes of metallic Pt (Figure 2e).
Meanwhile, amorphous forms were also observed, and the
corresponding selected-area electron diffraction (SAED)
pattern (Figure 2f) showed halo rings, which confirmed the
formation of an amorphous structure.23 The energy-dispersive
X-ray spectrum (Figure S4) and elemental mapping (Figure
2g) of Pt/Mo,P@NC verified the presence of uniformly
distributed Pt, Mo, P, N, and C throughout the entire
architecture.
X-ray Photoelectron Spectroscopy (XPS) Analysis.

XPS analysis was conducted to investigate the surface
composition and electron structure in the Pt/Mo,P@NC
electrocatalyst. The survey-scan XPS spectrum of Pt/Mo,P@

NC (Figure S5) confirmed the presence of Pt, Mo, P, N and C
elements on the surface. The deconvoluted XPS spectrum of
the C 1s regions (Figure S6) showed peaks at C�C (284.0
eV), C−C (284.8 eV), and C−O (286.0 eV), which were used
as calibration criteria. The HR Pt 4f spectrum of Pt/Mo,P@
NC (Figure 3a) was deconvoluted, revealing two dominant
peaks at 71.5 and 74.3 eV binding energies corresponding to
metallic Pt0. Two groups of peaks at 72.9 and 76.2 eV and at
75.2 and 78.1 eV were also observed, indicating the oxidized
states of Pt2+ and Pt4+, respectively.29 The amount of oxidized
state of Pt on the Pt/Mo,P@NC surface originated from
surface passivation of the Pt−O layer.30 XPS results revealed
that Pt/Mo,P@NC had the highest atomic percentage of
40.9% on the metallic Pt0 surface compared to those of Pt/
Mo@NC (34.7%) and Pt/P@NC (39.2%), indicating that the
comodification of Mo and P favored the generation of more
active sites in Pt/Mo,P@NC.31 The Mo 3d XPS spectrum
(Figure 3b) of Pt/Mo,P@NC and Pt/Mo@NC presented
three doublets, corresponding to metallic Mo from the MoO2
reduction under a H2/Ar atmosphere, dominating the Mo4+
ingredient from MoO2 and Mo6+ from further surface
oxidation of MoO2.

32 The P 2p XPS spectrum (Figure 3c)
of Pt/Mo,P@NC consisted of three subpeaks ascribed to P
2p3/2, P 2p1/2, and Zn 3s, respectively. The N 1s spectrum

Figure 4. (a) CV curves of Pt/Mo,P@NC, Pt/Mo@NC, Pt/P@NC, Pt@NC, Mo,P@NC, and Pt/NC. (b) HOR polarization curves tested at a
scan rate of 10 mV s−1 and a rotating speed of 1600 rpm. (c) Tafel plots of the kinetic current density. (d) Linear fitting curves in the
micropolarization region (−5 to +5 mV). (e) jk at 50 mV and j0 of as-made catalysts. (f) Accelerated durability test and chronoamperometric
response of Pt/Mo,P@NC. (g) MA at 50 mV and different recently reported noble-based alkaline HOR electrocatalysts.
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(Figure S7) of Pt/Mo,P@NC showed that the signals at
binding energies of 396.1, 397.6, 398.8, and 400.3 eV belonged
to Mo 3p, pyridinic N, pyrrolic N, and graphitic N, implying
the successful doping of N, which improved the thermal/
chemical stability.33 Overall, the XPS results provided insight
into the surface composition and electronic structure of the Pt/
Mo,P@NC electrocatalyst, which could be useful for under-
standing its electrocatalytic properties.
Electrocatalytic HOR in Alkaline Electrolytes. The

electrocatalytic activity of as-synthesized Pt/Mo,P@NC
catalysts for HOR was investigated using a rotating disk
electrode (RDE) system in a H2-saturated 0.1 M KOH
electrolyte. The measurements were conducted before
reversible hydrogen electrode (RHE) calibration. All electro-
chemical data were conducted with iR corrected (Figure S8).
The effect of reduction temperature on the HOR catalytic
activity of Pt/Mo,P@NC was first studied, and a series of
catalysts were synthesized in an H2/Ar atmosphere. The
optimal reduction temperature was found to be 400 °C, as
shown in Figures S9a−c. Furthermore, the HOR activity of
samples with varying Pt contents was investigated in
conjunction with inductively coupled plasma emission
spectrometry (Table S1). As illustrated in Figures S9d−f, the
optimal Pt loading was determined to be 4.65 wt %. The
catalytic performance started to increase drastically until the
content was 4.65 wt % and then decreased with an increase of
the Pt loading. The appearance of optimal Pt loading could be
due to the Pt aggregation and unique synergy between Pt and
the support.28

Generally, HBE was identified as a reasonable descriptor to
assess the HOR activity. The hydrogen underpotential
deposition (Hupd) peaks in cyclic voltammetry (CV) are
associated with the HBE.34 In the Hupd region, the peak at
higher potential was indexed with the stronger metal−H bond
strength, while the one at lower potential corresponded to the
weaker metal−H bond strength.35 According to the current
reports, the weaker HBE was more favorable for HOR
kinetics.36 As depicted in Figure 4a, the Hupd peak position
of Pt/Mo,P@NC (0.26 V vs RHE) was more negative than
that of Pt/C (0.32 V vs RHE), which was possibly due to the
weakened HBE on Pt/Mo,P@NC, reflecting that Pt/Mo,P@
NC had a higher HOR performance than Pt/C. In contrast,

Mo,P@NC showed an unapparent Hupd peak, suggesting that
strong electronic interaction between Pt and Mo,P@NC can
weaken the HBE.37

Figure 4b exhibits the HOR polarization curves for Pt/
Mo,P@NC and other comparative samples. As expected, Pt/
Mo,P@NC showed the highest capacity for H2 oxidation due
to the interaction between Pt clusters and the porous C
support, as well as the modulation of electronic properties in Pt
clusters by the introduction of P and Mo species.38 Figure S10
displays the polarization curves of Pt/Mo,P@NC tested at
various rotational speeds ranging from 400 to 2500 rpm, where
the plateau current increased with increasing rotating speed
due to the promoted mass transport.39 The corresponding
Koutecky−Levich plot was calculated to be 11.87 cm2 mA−1

rpm1/2, which verified the H2 mass-transport-controlled
process on Pt/Mo,P@NC.40 The control experiment per-
formed in a N2-saturated electrolyte showed negligible anodic
current throughout the entire potential range, indicating that
H2, rather than N2, was the reactant for the HOR (Figure
S11).41

Tafel plots of the kinetic current density (jk) versus
potential, based on the Butler−Volmer equation, are depicted
in Figure 4c. Pt/Mo,P@NC demonstrated the fastest HOR
kinetics due to its highest jk value at random fixed potentials.
The exchange current density (j0) was calculated by linearly
fitting the data in the micropolarization region (−5 to +5 mV).
Pt/Mo,P@NC displayed remarkable intrinsic activities, as
indicated by its topmost slope value, which facilitated the HOR
kinetics (Figure 4d). Pt/Mo,P@NC exhibited the highest jk
value (6.23 mA cm−2) at 25 mV compared to Pt/Mo@NC
(2.08 mA cm−2), Pt/P@NC (1.92 mA cm−2), and Pt/C (1.58
mA cm−2). Also, Pt/Mo,P@NC showed the maximal jk value
of 32.72 mA cm−2 at 50 mV. Similarly, the geometric j0 value
of Pt/Mo,P@NC was 1.7, 2.0, and 2.2 times higher than those
of Pt/Mo@NC (1.69 mA cm−2), Pt/P@NC (1.46 mA cm−2),
and Pt/C (1.29 mA cm−2), respectively, further confirming the
superior HOR performance of Pt/Mo,P@NC (Figure 4e).
The long-term durability and associated capacity of Pt/

Mo,P@NC for catalyzing H2 oxidation were evaluated using
chronoamperometry at η = 50 mV and polarization curves after
1000 cycles.28 Interestingly, the current density presented
negligible degradation at a constant potential for 10000 s, and

Figure 5. CO stripping curves in CO-saturated 0.1 M KOH of different studied catalysts: (a) Pt/Mo,P@NC, Pt1.58/Mo, P@NC, Pt3.26/Mo,P@NC,
and Pt5.59/Mo,P@NC; (b) Pt/Mo,P@NC at different temperatures; (c) Pt/C; (d) Pt@NC.
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the two polarization curves nearly overlapped after 1000 cycles,
both reflecting the excellent electrochemical stability (Figure
4f). As demonstrated in Figure S12, Pt/Mo,P@NC-After HOR
still retained its original morphology except for some structural
collapse. Simultaneously, we discovered that the Pt/Mo,P@
NC-After HOR still had Pt, Pt2+, Pt4+, and Mo4+ signals. The
Mo0 signal transformed to molybdenum oxides, which
coincided with the theoretical results caused by the long-
term H2 oxidation process (Figure S13). Additionally, jk can be
normalized by the Pt loadings to acquire the mass activity
(MA) values. Such an outstanding catalytic HOR performance
of Pt/Mo,P@NC exceeded that of most recently reported
noble-based catalysts in an alkaline environment (Figure 4g
and Table S4). Besides, the HOR performance parameters of
all studied catalysts are given in Table S2.
According to previous studies,36 noble metals can affect the

potential region for H adsorption/desorption, making it
necessary to determine the electrochemical surface area
(ECSA) values through CO stripping voltammetry instead of
the hydrogen underpotential deposition region. As shown in
Figures 5 and S14, the ECSA value of Pt/Mo,P@NC was
estimated to be 83.9 m2 g−1, which was higher than those of all
of our studied catalysts (Table S3). A higher ECSA indicated
the presence of more catalytically active sites, which facilitates
better contact between the reactants and electrolyte.42 Besides,
the HOR performance parameters of all studied catalysts are
given in Table S2. Pt/Mo,P@NC showed the highest specific
activity of 0.41 mA cm−2.
Electrocatalytic HER in Alkaline Electrolytes. The

bifunctional electrocatalytic activity of the synthesized samples
was evaluated by performing HER testing in a H2-satulated 1
M KOH electrolyte under optimized Pt loading and reduction
temperatures (Figure S15). During the measurement, high-

purity H2 was bubbled to obtain a H2-saturated electrolyte,
which fixed the reversible hydrogen potential and prevented
the dissolution of O; this method was used widely in the
literature.43,44 As shown in Figure 6a, Pt/Mo,P@NC exhibited
superior HER activity, with a current density of 10 mA cm−2 at
an overpotential of 23.4 mV. This performance surpassed those
of Pt@NC (113.1 mV) and state-of-the-art Pt/C (31.2 mV)
due to dual regulation by P and Mo. The relatively poorer
performance of Pt/Mo@NC and Pt/P@NC further confirmed
that the comodulation of P and Mo had a significant effect on
the HER activity of Pt/Mo,P@NC.45 Moreover, the Tafel
slope of Pt/Mo,P@NC was lower (25.9 mV decade−1) than
that of Pt/C (42.5 mV decade−1), suggesting that the most
favorable HER kinetics was through the Volmer−Tafel
mechanism (Figure 6b). A smaller Tafel slope implied that
the HER rate augmented sharply with the increasing
overpotential, which was advantageous for the practical HER
application.38,46

Figure 6c compares the overpotential at 10 mA cm−2 and
Tafel slopes of Pt/Mo,P@NC, Pt/Mo@NC, Pt/P@NC, Pt@
NC, Mo,P@NC, and Pt/NC, highlighting the optimal HER
performance of Pt/Mo,P@NC. Furthermore, the electro-
chemical impedance spectroscopy (EIS) curves (Figure 6d)
revealed the fastest HER kinetics of Pt/Mo,P@NC at the
interface between the electrocatalyst and electrolyte, which was
caused by its high specific surface area and the dual regulation
by P and Mo species.47 As expected, continuous cyclic tests of
Pt/Mo,P@NC presented excellent durability with only 2.2 mV
degradation after 1000 cycles at 10 mA cm−2. Meanwhile,
chronopotentiometry results showed a steady overpotential
throughout the measurement at 10 mA cm−2, affirming the
splendid stability (Figure 6e). After multicycle CV measure-
ment, the Pt/Mo,P@NC-After HER was basically consistent

Figure 6. (a) Linear-sweep voltammetry plots of Pt/Mo,P@NC, Pt/Mo@NC, Pt/P@NC, Pt@NC, Mo,P@NC, and Pt/NC. (b) Tafel plots. (c)
Comparison of the overpotential at 10 mA cm−2 and Tafel plots of Pt/Mo,P@NC, Pt/Mo@NC, Pt/P@NC, Pt@NC, and Pt/NC. (d) Nyquist
plots. (e) Stability of Pt/Mo,P@NC for 1000 CV cycles in an alkaline electrolyte. (f) Comparison of the overpotential at 10 mA cm−2 and Tafel
plots of Pt/Mo,P@NC and recently reported Pt-based catalysts.
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with the primal morphology, but the Mo0 signals were all
converted to molybdenum oxides (Figures S16 and S17). As
illustrated in Figure 6f and Table S5, the notable HER
performance of Pt/Mo,P@NC surpassed those of most
reported noble-based catalysts in the alkaline environment.
Catalytic Mechanism Analysis. To gain a better

understanding of the exceptional HER/HOR performance of
Pt/Mo,P@NC, it was important to understand the underlying
mechanisms. The CV behavior (Figure 4a) indicated that Pt/
Mo,P@NC exhibited a weakened HBE, revealing that Pt/
Mo,P@NC was weakly bound to H, which corresponded to H
adsorption/desorption at the Pt metal sites. The performance
tests showed that Pt/Mo,P@NC had the best HER/HOR
activity, whereas Mo,P@NC was nearly inactive, attesting to
the fact that Pt served as an active site for hydrogen adsorption
(Had). Furthermore, hydroxyl adsorption (OHad) was an
essential descriptor in evaluating the HOR activity. Because
OHad species can accelerate the removal of a COad
intermediate on the metal surface, the CO stripping potential
was directly related to the OH adsorption strength. Thus, CO
stripping measurements were conducted to monitor the
hydroxyl adsorption strength of the catalysts. As recorded in
Figure 5a,b, the CO oxidation peak of Pt/Mo,P@NC was
around 0.71 V, indicating that Pt/Mo,P@NC had the strongest
OH− adsorption among these samples. In Figure 5c,d, the CO
oxidation peaks of Pt/C and Pt@NC were at 0.73 and 0.85 V,
respectively. Previous research had demonstrated that Pt
bound weakly to OHad under an alkaline environment.48 The
CO stripping results suggested that the excellent HOR
performance of Pt/Mo,P@NC may be due to the enhanced
OHad on its surface. Luo et al. demonstrated that the
introduction of Mo species made the adsorption of IrMo
much stronger than that of Ir for OH, and this enhanced
behavior facilitated the capture of OH on the IrMo surface,
indicating that the oxyphilic Mo species can provide stronger
OH adsorption sites.17

Taken together, combined CV with CO stripping experi-
ments had proposed a bifunctional mechanism on Pt/Mo,P@
NC (Figure 7). Speaking of HOR, Pt acted as a favorable
adsorption site for Had, and H2 molecules first dissociated and
adsorbed on the surface of Pt metal to form Had (denoted as
Pt-Had). Simultaneously, MoOx served as an OH adsorption
site to form OHad (labeled as MoOx-OHad), and finally two
intermediate species (Had and OHad) reacted to form H2O.
With respect to HER, water dissociation was a primary step
that directly determined the HER activity.38 Ding et al.

confirmed that Mo species can expedite the decomposition of
water to form OHad and Had.

49 Based on Tafel slope analysis in
Figure 6b, Pt/Mo,P@NC followed the Volmer−Tafel
mechanism, and the Tafel slope of 25.9 mV dec−1 implied
that the Tafel reaction (Had + Had = H2) was the rate-
determining step of Pt/Mo,P@NC. Specifically, water
dissociation was promoted by controlling the Volmer step on
the MoOx surface to acquire OH− and H+, so that MoOx was
used to adsorb OH− and H+ was immediately adsorbed on Pt
clusters. Finally, two neighboring Had on Pt sites recombined
to form H2 molecules.50

Based on the results discussed above, it can be concluded
that the improved performance of Pt/Mo,P@NC in HOR/
HER can be attributed to the following combined effects: (1)
The C support’s extensive porous structure provided ample
space for the nanoparticles’ dispersion and anchoring, leading
to enhanced electrical conductivity of the catalytic materials.51

(2) The metal−support interactions and interfacial engineering
between Pt species and Mo,P@NC decreased charge-transfer/
interfacial impedance and promoted HOR/HER kinetics.52 (3)
The moderate HBE and OHBE on the Pt/Mo,P@NC surface
synergistically facilitated the vital Volmer step.16

■ CONCLUSIONS
In summary, we had developed a straightforward and efficient
approach to fabricate a Pt-cluster-decorated porous Mo,P@NC
polyhedron. The submicron Mo,P@NC support facilitated the
adsorption of Pt clusters, leading to an interaction mechanism
and ultimately reduced Pt loading. Detailed characterizations,
including XRD, SEM, TEM, and XPS, were conducted to
analyze the crystal structure, morphology, and surface
electronic structure. The optimized Pt/Mo,P@NC catalyst
demonstrated excellent performance in alkaline HOR/HER,
with higher mass activity and exchange current density for
HOR, superior HER with lower overpotential at 10 mA cm−2,
and a smaller Tafel slope of 25.9 mV dec−1 compared to
commercial Pt/C. Our systematic investigations revealed that
the strong interaction between Pt clusters and the support
provided more active sites and reaction centers, Furthermore,
the introduction of Mo and P species synergistically optimized
both Had and OHad, enhancing the HOR/HER activity and
stability by imposing an electronic effect on Pt/Mo,P@NC.
Overall, our approach provided a promising strategy for
designing high-performance and cost-effective electrocatalysts
for renewable energy conversion and storage applications.

Figure 7. Mechanism diagram of Pt/Mo,P@NC for the alkaline HOR and HER processes.
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